Introduction
Nonionic and zwitterionic surfactants have been used for the resolution improvement of various analytes in capillary zone electrophoresis (CZE). [1] [2] [3] [4] [5] [6] Dansylamino acids 5 and peptides 6 have been resolved with Tween 20 and Brij 35, respectively. The resolution improvement is attributed to the binding of ionic analytes to the nonionic surfactant micelles. Some binding equilibria to nonionic surfactant micelles have been investigated by spectrophotometry [7] [8] [9] [10] and fluorophotometry. 11, 12 Electrophoretic mobility in CZE has also been used for the analysis of the binding equilibria of aromatic anions, 13 nitrophenolate ions, 14 aromatic sulfonate ions, 15 and polycyclic aromatic hydrocarbons. 16 Salts of N-alkylpyridinium ions are a class of room-temperature ionic liquids, and they are utilized in capillary electrophoresis. 17, 18 In most cases, they are used as separation modifiers. Ion pair formation of 1-alkyl-3-methyl-imidazolium ions in water has been investigated by CZE. 19 The binding of some N-alkylpyridinium salts possessing long alkyl chain to dodecyl oxyethylene ether micelles has been investigated by potentiometry; 20 the reaction is mixed-micelle formation rather than binding. In this study, we investigated the binding reaction of N-alkylpyridinium ions to nonionic surfactant micelles through the electrophoretic mobility in CZE. The advantages of using CZE for the binding analysis include the CZE is done in an pseudo-homogeneous solution without any binary phases; some changes in charge-mass ratio necessarily occur by the binding reaction to give the electrophoretic mobility change even though a spectrum change may not occur due to the binding reaction; and coexisting substances or impurities are allowed to exist by means of the electrophoretic separation. 21 The binding constants for the N-alkylpyridinium ions determined in this study are found to be small compared to the those series for nitrophenolate ions and aromatic sulfonate ions.
Experimental

Reagents and chemicals
Bromide salts of N-alkylpyridinium ions, ethylpyridinium (EtPy + ), butylpyridinium (BuPy + ), and laurylpyridinium (LaPy + ) were from Tokyo Chemical Industry (Tokyo, Japan). Those of propylpyridinium (PrPy + ) and hexylpyridinium (HxPy + ) were from Wako (Osaka, Japan) and Acros Organics (Geel, Belgium), respectively. Nonionic surfactants of Brij 35, Brij 58, Brij 78, and Triton X-100 were from Wako. The migrating buffer was prepared with acetic acid and sodium acetate.
Apparatus
An Agilent Technologies (Waldbronn, Germany) 3D CE system was used as a capillary electrophoresis system. A fused silica capillary (Agilent) was held in a thermostatic cassette, and the cassette was attached to the system; the dimension of the capillary was 56 + 8.5 cm in length and 75 μm in i.d. A Mettler Toledo (Mettler Toledo K. K., Tokyo, Japan) MP220 pH meter was used to adjust the pH of the buffer solution.
Procedure
A migrating buffer containing 10 mM acetate buffer with its pH of 4.0 and a certain amount of nonionic surfactant was used. A sample solution containing 5 × 10 -5 M alkylpyridinium salt was introduced into the capillary from the anodic end by applying pressure (250 mbar s). Electrophoretic separation was made at a DC voltage of 20 kV. The analyte ions were photometrically detected at 210 nm. The temperature of the capillary was controlled at 30 ± 0.1 C. A Hewlett-Packard ChemStation (Ver. 5.01) was used for the control of the system and the data acquisition. Electrophoretic mobility of the alkylpyridinium ions, μep ′ , was calculated in an ordinary manner. MOPAC calculations 22, 23 with AM1 function were made to estimate the van der Waals volume of the alkylpyridinium ions. A non-linear least-squares analysis was made to determine the binding constants (KB). † To whom correspondence should be addressed. The binding equilibrium of N-alkylpyridinium ions to nonionic surfactant micelles was investigated through the changes in the electrophoretic mobility of the alkylpyridinium ions in capillary zone electrophoresis. The binding constants thus determined increased with increasing molecular volume of the alkylpyridinium ions. However, the binding constants are small compared with the ones for the anionic alkylbenzenesulfonate and polynitrophenolate ions at the same molecular volume. 
Notes
Results and Discussion
Changes in the electrophoretic mobility of N-alkylpyridinium ions
In CZE, the cationic alkylpyridinium ions migrated toward the photometric detector faster than the electroosmotic flow (EOF). Weakly acidic migrating buffer was helpful to suppress both of the speed of the EOF and the adsorption of the alkylpyridinium ions to the capillary wall. Typical electropherograms for the alkylpyridinium ions in the absence and presence of Brij 58 micelle are shown in Fig. 1 . It can be seen from Fig. 1 that the migration times for the alkylpyridinium ions were longer in the presence of the surfactant micelle. The result is attributed to the suppressed speed of the EOF; polyether-type nonionic surfactants adsorb onto the capillary wall and suppress the electroosmotic flow. 24, 25 Electrophoretic mobility of the alkylpyridinium ions, μep ′ , was measured in the absence and presence of the surfactant micelle; those with Brij 58 are shown in Fig. 2 . The μep ′ values decreased with increasing concentrations of Brij 58. Since the concentration of the surfactant in the aqueous solution was relatively low, and since no drastic/discontinuous change of the electrophoretic mobility was observed on the alkylpyridinium ions, as well as on the anionic species reported, 14, 15 with increasing concentrations of the surfactants, the decrease in the electrophoretic mobility is attributed to the binding of the alkylpyridinium ions to the micelle, resulting in an increase in the apparent molecular weight. [13] [14] [15] [16] A drastic decrease in μep ′ is noticed with LaPy + ; its μep ′ decreased almost down to zero. Laurylpyridinium ion would form mixed-micelles with Brij 58, and the reaction is shifted from the binding reaction to mixed micelle formation. 20 The decreases in μep ′ , including the characteristic mixed-micelle formation of LaPy + , were also observed with the other surfactant micelles.
A binding reaction of the alkylpyridinium ion (Py + ) to the nonionic surfactant micelle, (NIS)m, was supposed to occur as is written in reaction (1), with its equilibrium constant, KB, given in Eq. (2).
14,15
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Concentration of the micelle was calculated from the concentration of the surfactant, CS, the critical micelle concentration (cmc), 26 and the aggregation number, Nagg, 8,9,27,28 using Eq. (3).
The cmc values used were 0.060, 0.007, 0.0057, and 0.240 mM for Brij 35, Brij 58, Brij 78, and Triton X-100, respectively. 26 It would be noticed that the cmc values are much lower than the experimental conditions. And the values of Nagg used were 56, 49, 58, and 136 for Brij 35, Brij 58, Brij 78, and Triton X-100, respectively.
9
The apparent electrophoretic mobility of the alkylpyridinium ion, μep ′ , is expressed in Eq. (4) with the electrophoretic mobility of free Py + , μep. 14, 15 µ µ
The binding constants, KB, determined with the surfactant micelles used are summarized in Table 1 .
The simple comparison of the KB values among the surfactants does not make any sense, because the aggregation number of the surfactants differs from one to another, and the aggregation number easily changes with the conditions. The KB values increase with increasing size of the alkylpyridinium ions, which would be due to the increased hydrophobicity of the alkylpyridinium ions. A discontinuous change for LaPy + from other alkylpyridinium ions also appears in the KB value.
The binding constants were plotted against the molecular volume of the alkylpyridinium ions; the volume is estimated by using MOPAC2007 (Fig. 3) . The logarithmic values of KB increased linearly with increasing molecular volume of the alkylpyridinium ions. The molecular volume was also estimated in this study for a series of polynitrophenolate 14 and alkylbenzene sulfonate 15 ions; they are also plotted in Fig. 3 . Both series of the anions show the linear increase in log KB with the molecular volume. Larger KB values for polynitrophenolate ions would be attributed to the dispersion of the anionic charge of the phenolate group with electron-withdrawing nitro groups. Compared to the two series of the anions, the KB values for the alkylpyridinium ions are small, even though the cationic charge is delocalized. Moore et al. also indicated by fluorophotometry that the binding constants of an anionic dye to nonionic surfactant micelles 9 were larger than that of cationic crystal violet. 8 Okada et al. have indicated the selective partition of anions to nonionic polyoxylated surfactant micelle 29 and to zwitterionic surfactant micelle 30, 31 through the negative ζ potential of the micelle. In this study, the weak binding affinity of nonionic Brij 58 micelle toward cationic N-alkylpyridinium ions has also been investigated with the analysis through the electrophoretic mobility. 
